Eye surface epithelium is an example of the organism's first line of defense, particularly, a barrier between eye structures and the environment. The essential prerequisite for the barrier function of epithelium is its correct organization that is determined, to a considerable extent, by intercellular interaction and cellular interaction with the basal membrane. Normally, epithelial cells form multiple adhesive, tight, and gap junctions between each other that are created by microfilaments -cellular adhesion molecules -most of which (cadherins, laminins, integrins) are Ca-dependent transmembrane proteins.
The wide range of epithelial tissue building blocks that are responsible for its correct organization accounts for, among other reasons, the complex nature of most known corneal epithelium diseases and the versatility of factors that are simultaneously involved in pathogenetic chains.
In particular, recurrent corneal erosion (RCE) syndrome is a multi-factor disease caused by an unstable connection between the cellular epithelial layer and the basal membrane, and characterized by recurrent episodes of desquamation of considerable corneal epithelium regions [1, 2] .
Modern optical intravital imaging techniques used in ophthalmology (biomicroscopy, confocal microscopy, optical coherence tomography) have allowed characterizing the overall picture of the damage caused by RCE. Currently, there have been described such RCE morphological features as irregularity, epithelial elevation, epithelial microcysts, bullae, as well as changes in the stroma (haziness and cellular infiltrates) [3, 4] .
Bullous keratopathy (BK) is a condition that develops as a result of the functional decompensation of cornea and is characterized by persistent corneal edema with bullae in the epithelial layer.
Cumulative biomicroscopic evidence is usually sufficient for the diagnosis of RCE or BK, however, exploration of the disease pathogenesis requires a "finer", sub- Cumulative biomicroscopic evidence is usually sufficient for the diagnosis of recurrent corneal erosion or bullous keratopathy, however, exploration of the disease pathogenesis requires subcellular-level visualization of corneal structure. In the current study, lanthanoid staining and scanning electron microscopy were employed to visualize quite a number of structures responsible for epithelium organization. In particular, the study proves possible the use of Ca/Nd isomorphous substitution at Ca 2+ sites of cytoadherence proteins for visualization of corresponding cellular structures. Aim -to assess the value of information provided by scanning electron microscopy of corneal epithelium that involves lanthanoid staining based on the Ca/Nd isomorphous substitution in Ca-dependent molecular systems. Material and methods. Anterior corneal epithelial scrapes were obtained from patients with recurrent corneal erosion or bullous keratopathy and cadaver eyes with no signs of any ophthalmic disease. Samples were then studied under a scanning electron microscope (Zeiss EVO LS10, BSE, EP -79 Pa, 20-28 kV, Ln-staining with the BioREE assay kit). Results. In all cases, lanthanoid staining of biopsy material provided high-contrast SEM images with wellrecognizable structural and ultrastructural elements associated with Ca 2+ sites of cytoadherence proteins. Conclusion. Lanthanoid staining of biopsy material and subsequent SEM enabled detailed visualization of structural features of the corneal epithelium in various pathologies. Due to the Ca/Nd isomorphism we were able to evaluate structural position of the majority of protein molecules engaged in Ca-dependent processes and, consequently, in cytoadherence. Basing on the neodymium distribution within the basal membrane, we have described local effects of different substances on the lamina densa in the projection of basal layer cell borders that occur after unidirectional ultrafiltration. The results confirm the failure of the junctional adhesion complex in recurrent corneal erosion. cellular level visualization of the corneal structure. This is essential for the assessment of the state and relationships of intercellular junctions, adhesion molecules, extracellular matrix elements, and proteolytic components, such as matrix metalloproteinases (MMPs).
Keywords
Among the methods that enable marking of the processes at the biomolecular level, highly specific immunohistochemical staining techniques are the most frequently used ones in medical and biological research. Specificity is both an advantage and a disadvantage of such an approach: a researcher is limited by a set of suggested "study target objects", and by lack of possibility to simultaneously detect more than three of them. However, for complex pathological processes, which undoubtedly include abnormal corneal epithelium, the number of objects structurally involved in such processes may be fairly large (see Table) .
The described versatile factors which cause the disease and maintain the pathological process broadly range from genetic predisposition to an imbalance of MMPs and other regulating molecules. To reconstruct the links in pathogenetic chains, it is therefore required to simultaneously assess the interaction of cells and components of the extracellular matrix and the basal membrane -collagen of various types, laminin, fibronectin, etc., as well as to visualize the microrelief of basal layer cells, their anchoring structures, and other intercellular junction elements -integrins, cadherins [12] .
Presumably, lanthanoid staining and subsequent scanning electron microscopy (SEM) may be used for simultaneous visualization of the three-dimensional sample structure, location of extracellular matrix components, and localization of a number of Ca 2+ and ATPdependent processes at the molecular level (Fig. 1) Collagen XVII Mutation in the coding gene, which contributes to disease development [7] Lamina lucida Laminin-5, fibronectin Destruction after exposure to MMP-2, up to absolute disappearance [8] Fragmentation [9] Lamina densa Collagen IV (main substance)
Destruction after exposure to MMP-2. Deposits in subepithelial space [9] Mutation in the coding gene, which contributes to disease development [10] Collagen VII (anchoring fibrils)
Destruction after exposure to MMP-2, up to absolute disappearance [8] Anti-adhesive glycoproteins Fibrillin-1, tenascin-С -Diffuse accumulation [11] 
Changeability of Main Structural Elements of Corneal Epithelium and Basal Membrane in BK and RCE Development

Fig. 1. Basic Scheme of Relationships Between Structural Elements of Corneal Epithelial Cells and BM that are Imageable by Scanning Electron Microscopy with Lanthanoid Staining
Basal epithelial cells are fixed to the lamina densa collagens through a system of anchoring proteins that pervade the lamina lucida.
The variety of Ca-dependent processes and Ca localizations in the protein structures of epithelial tissue justifies the use of Ca/Nd isomorphous substitution for staining the corneal epithelial structure.
The aim of the study is to assess the value of information provided by SEM of corneal epithelium that involves lanthanoid staining based on the Ca/Nd isomorphous substitution in Ca-dependent molecular systems.
Material and Methods
SEM was used to examine anterior corneal epithelial scrapes obtained in operating room conditions from patients with RCE (9 samples from male patients aged between 34 and 56) or BK (4 samples of male patients aged between 49 and 61), and from cadaver eyes with no signs of any ophthalmic disease (5 samples of male patients aged between 22 and 49).
The patients had undergone preliminary examination by conventional ophthalmic methods. Additionally, corneas (including donor ones) had been examined by biomicroscopy and cross-section imaging using the HRT II optical coherence tomograph with the Cornea Module.
Within the first minutes after biopsy material recovery, when cells maintain sufficient metabolic activity, the samples were stained using the BioREE assay kit (Glaukon LLC, Russia) following the protocol recommended by the manufacturer:
1) the first rinse to eliminate phosphates from the surface;
2) 45 min exposure to neodymium chloride solution for saturation with the staining agent;
3) the second rinse to remove excessive solutions. On the SEM image, staining marked the zones where calcium was isomorphously substituted for neodymium, as well as localization sites of energy-dependent processes involving phosphate anion release and subsequent formation of insoluble neodymium phosphates [13, 14] .
The prepared epithelial layers were spread over the specialized adhesive carbon tape for SEM. Each sample was positioned so that both the anterior epithelial surface and basal layer were observable at the same time (the epithelial layer was sliced in two and positioned with different surfaces outward, or partially turned under).
The samples were put in the chamber of the scanning electron microscope (EVO LS10, Zeiss, Germany). They were observed in a low vacuum mode (EP, 70 Pa) at 20-28 kV accelerating voltage and 360-520 pA current on the sample. The LaB 6 cathode was used. The images were captured in the backscattered electron (BSE) detection mode.
Results and Discussion
In all cases, lanthanoid staining of biopsy material provided high-contrast SEM images with well-recognizable cellular structure.
In medical and biological research, electron diffraction patterns obtained with a SEM with a secondary electron detector are the most widely used ones. Lanthanoid staining presupposes the use of another detector -BSE detector. Therefore, the obtained images differ from the conventional ones, as the signal is detected from the greater sample depth and a considerable part of tissue volume remains transparent for an electron beam at high accelerating voltages. The generated images, to some extent, appear close to optical confocal images; and optical terms such as "opacity", "brightness", etc. can be used for their interpretation.
The contrast of the images obtained by a SEM in the BSE detection mode is determined by the average atomic weight of each sample substance lying under the surface of the local volume. Bright regions of an image correspond, thereby, to tissue structures saturated with heavy elements. An innovative method of supravital lanthanoid staining serves for selective saturation of individual structures with heavy lanthanoids, and for marking therewith several chains of cellular metabolism, which enables their subsequent SEM visualization [13, 14] .
In terms of this study, lanthanoid staining of biopsy material and subsequent SEM allowed to obtain considerably different presentations of various corneal epithelium conditions (arbitrary norm, BK, and RCE) that characterized, directly and indirectly, the changes in the ultrastructure of epithelial tissue. It is also important to note the high repeatability of the observed changes. The patterns on the SEM images obviously reflect tissue elements involved in the similar pathological processes.
Lanthanoids are known for their ability to join calcium metabolic chains and block them [15] . Localizations associated with Ca/Nd isomorphous substitution give the possibility to visualize Ca-dependent processes, including cell adhesion ones, and the key types of protein molecules involved in this process. Here belong two types of heterovalent isomorphism: substitution of three calcium ions for two neodymium ions (3Ca 2+ ↔2Nd 3+ ) -this is the case for cadherin structure; substitution of a couple of calcium ions for an ion of neodymium and alcali metal (2Сa 2+ ↔(Nd 3+ +Me + )) -described for transmembrane Ca-pumps. Being Ca-dependent, proteins, integrins and laminins are also involved in such substitution processes. The most probable high local concentration of lanthanoids in the stained specimen is associated with the substitution of five triple Ca 2+ sites in cadherins [16] , ensuring the brightest staining at cell junctions, including desmosomes on the lateral surface of cells.
Another group of the structural positions of lanthanoid accumulation is a result of their binding with free phosphate anions. In this case, lanthanoids (neodymium) mark intracellular zones of active energy-dependent processes involving ATP consumption and phosphate anion release (e.g., tracks for cytoskeleton assembly, and flagellar and mitochondrial work) [17] . The suspension of simple neodymium phosphate (NdPO 4 ) is separated and accumulated because of its low solubility and inability to be remobilized by cellular metabolism systems. Therefore, bright staining of individual structures in the depths of the cells is conditioned by the activity of metabolic processes located in such structures at the moment of sample lanthanoid staining [13] .
Moreover, there is a possibility of non-specific binding between lanthanoids and structural proteins of the extracellular matrix, and therefore, of its illumination on SEM images [18] .
Basing on the described theoretical premises, the images of corneal epithelium (biopsy material) that were obtained in this study can be interpreted as follows.
SEM of Normal Corneal Epithelium
The scans of the anterior surface of normal corneal epithelium reveal contrasted borders between cells; the polygonal shape of cells is clearly visible in the desquamating layer (Fig. 2, a) . Remarkably bright glowing of individual intercellular border zones shows the regions with the highest cadherin concentration, and therefore, marks the location of desmosomes, as well as tight and adhesive junctions (see arrow). Cell cytoplasm is moderately hazy, which indicates the activity of energy-dependent processes involving phosphate anion that proceeded in it. The scans demonstrate individual tree-like zones (see asterisk), possibly associated with the preferred directions of cytoskeleton assembly. Cell nuclei are seen through hazy cytoplasm. It can be noted that under such image capture conditions, electrons are backscattered not only in the first, superficial cell layer, but also at a greater depth, which is visually perceived as an overlay of semitransparent cells onto each other.
On the basal surface, cadherin-containing intercellular junctions glow all throughout the length of cellular borders, which suggests the greater regularity of their organization in respect to the anterior desquamating epithelial layer.
The features of the corneal epithelial structure visualized by lanthanoid staining and SEM techniques are well consistent with the images obtained by optical methods (insets in Fig. 2) .
The basal surface of the cellular layer is covered with the membrane that was removed together with the sample and is semitransparent for electrons. However, it cannot completely damp the glowing of intercellular borders, only making the image pattern blurred. The basal membrane structures (including the lamina densa) remain the same throughout the whole surface observed, which is evidenced by omnipresent cloudy glowing, presumably caused by non-specific binding of collagens to neodymium. Fig. 3 , a provides the scheme of such separation of layers.
Fuzzy polygonal cellular borders are seen through the basal membrane (BM). In individual regions, the borders of the basal layer cells become clearly delineated and appear notably brighter (see Fig. 2, b) . This observation may have two principally different explanations: either the BM is thinned within these zones, or the reason is the binding of molecules that leaked from the anterior epithelial surface, to neodymium. Thereby, the geometry of such transmembrane ultrafiltration repeats the contours of cellular borders throughout the whole thickness of BM (Fig. 4) .
Such explanation appears quite possible, given the paracellular liquid transport in epithelial tissue [19] .
SEM of Corneal Epithelium in Bullous Keratopathy
In BK, SEM images of the epithelial layer from the side of the anterior surface demonstrate the preserved tissue architecture in the most of the sample area. The regular cellular borders in the unchanged surface regions are, to some extent, less contrasted than normal epithelium, although the reason is unclear.
In suspected location zones of bullae, where the increased pressure led to excessive stretching of the cellular layer, the cells appear considerably brighter delineated. The visible cellular borders in these regions are thickened; gaping intercellular spaces, serrated lines of junctions, and disconnection of cells can be seen (Fig. 5, a) . The dual structure of the desmosome zone, with slightly disconnected mating parts of one junction that belong to two adjacent cells, can be vividly seen in the image with large magnification (see Fig. 5, b) .
As a rule, the basal layer in BK is not overlapped by denser structures. Intercellular borders are crisp and clear (see Fig. 5, c) , which indirectly suggests that the mechanical interaction of cells with each other within the basal layer is not compromised. Large SEM magnifications allow to reveal the villous surface of the basal layer cells (Fig. 5, d) , which is possibly caused by molecular assemblies of laminin-5 (anchoring filaments) attached to the cell membrane. In respect to cytoplasm, these molecular groups of a typical structure appear sufficiently bright, which can be explained by Са 2+ -binding sites substituted for neodymium that are present in their structure. Apparently, during epithelium scraping, the separation line was at the border of the lumina lucida, with a tear of an intermolecular junction laminin-collagen-VII/collagen-IV, since molecular assemblies of laminin-5 remained adherent to the cell. Fig. 3, b illustrates the possibility of such separation. This assumption is consistent with the clinical and morphological data on the formation of bullae right under the cell layer, between it and the lamina densa [11] . It appears logical that during the scraping of epithelium in BK, it is removed in the zones of bullae, which also include anti-adhesive substances (tenascin-C, fibrillin-1). 
SEM of Corneal Epithelium in Recurrent Corneal Erosion
In RCE, the changes in the corneal epithelial structure were detected throughout the whole surface. The images show typical geographic (or map-like) and scalloped cellular borders (Fig. 6, a, b) . The images also reveal widespread dots on the anterior surface, which emphasize the irregularity of Nd accumulation in the tissue structure. This may be caused by the fact that the secretion covering the cellular surface is sparse because of a high concentration of proteolytic enzymes. Contrasted cell nuclei can be observed in sparse cytoplasm. In individual regions, the anterior surface structure becomes loose, no intercellular junctions can be visualized, and cell groups form desquamating layers. The desquamation of large cell groups reveals fibrotic motifs in the structure of the main substance of the epithelial tissue, which are not typical for normal epithelium (see Fig. 6, c) . The regions where a deeper layer is exposed under the superficial one demonstrate the fact that such changes virtually do not affect the middle layers -the mutual arrangement of the cells of the underlying layer is close to normal. Apparently, the viability of the surface layer cells in RCE is decreased to such a considerable extent that the internal cellular structure is passively contrasted through membrane pores. In the cases when membrane integrity is not impaired, one can observe cytoplasm that is virtually transparent for electrons. Its dark phototone without electron scattering on any objects in cells suggests the low level of the proceeded energy-dependent processes. The literature also provides descriptions of numerous abnormalities in the morphology of corneal epithelial cells in RCE (multinuclearity, strong size variability, cysts, vacuoles, desquamation) [20] .
After neodymium staining, zones with no contrast of intercellular borders were noted from the side of the basal layer. The image (see Fig. 6, d) shows that the epithelial layer is mostly scraped off the BM without its dense part; although in some cases, the cellular layer was partially covered by the BM substance within the limits of its contours. In these regions, the cellular structure under the BM was poorly visualized because of a relatively bright layer of collagen fibers overlayed. It is obvious that in this zone the epithelial layer was removed together with the lamina densa and collagens that it contains.
RCE is known to be associated with excessive MMP-2 [8] that leads to the destruction of collagen IV -the main substance of the BM, which may cause its softening.
For the basal layer of cells to be covered with the separated substance of the lamina densa in individual regions only, transverse tears of the lamina densa substance had to form during traction, which allowed to partially reject the lamina densa and partially leave it adherent to the epithelial structures. The most surprising observation is associated with the fact that in most cases, the collagen layer of the lamina densa was separated along the borders consistent with the ones of the above lying cells of the epithelial basal layer (see Fig. 6, d). Fig. 3, c shows the scheme of the process. The mechanism of this phenomenon may be associated with the leakage along the intercellular space of epithelium of proteolytic enzymes, the increased concentration whereof is described above [8] . а -from the side of the anterior surface, widespread dots on the anterior surface; this is presumably caused by sparse secretion covering the cells, as a result of a high concentration of proteolytic enzymes; b -the detailed region of the anterior surface with geographic (or map-like) motifs in the tissue structure (abnormal scalloped cellular borders showed with arrows), contrasted cell nuclei in sparse cytoplasm; c -the detailed region of the anterior surface with a desquamating layer (illuminated with yellow light) and fibers in the structure of the main substance of epithelium (see arrow); d -from the side of the BM. The cells covered with the dense substance of the BM (see arrow) have relatively homogeneous brightness, other regions were removed without the lamina densa; e -the region imaged with high resolution from the side of the BM. Villous cell surface due to anchoring filaments on it.
